Polycrystalline diamond films, single crystal bulk diamonds, and diamond powder were treated in microwave plasma of hydrogen at 1.6 torr under a negative direct-current bias of −150 to −300 V without metal catalyst. It was found that fibrous structures, uniformly elongated along the direction normal to the specimen surface, were formed on the diamond surfaces. Similar experiments for glasslike carbon resulted in conical structures with frizzy fibers at the tops. Transmission electron microscopy measurements indicated that the fibers formed on diamond consisted of randomly oriented diamond nanocrystals with diameters of less than 10 nm, while the conical structures formed on glasslike carbon consisted of graphite nanocrystals. Field emission measurements of the fibrous specimens exhibited better emission efficiency than untreated ones. The field emission electron microscopy of the fibrous glasslike carbon showed a presence of discrete electron emission sites at a density of approximately 10,000 sites/cm 2 .
I. INTRODUCTION
Formation of fibrous structures on material surfaces is of practical importance for such applications as field emission of electrons, where sharp tips are effective to reduce the threshold electric field, [1] [2] [3] and chemical electrodes, including chemical and biosensors, 4, 5 where large surface areas are preferable to achieve better performance. For diamond, a high density of needlelike structures is often formed by oxygen-plasma etching, 6 where a presence of dislocations or unintentional impurity particles at the initial surface masks and prevents local etching of the diamond surface. It has been, however, found by Stoner et al. 7 that diamond films deposited on Si substrates can also be etched by microwave plasma of hydrogen, if a negative direct current (dc) bias is applied to the specimen against a counter electrode placed above the plasma. The etching conditions were {gas pressure P, bias voltage V b , microwave power P m , specimen temperature T s } ‫ס‬ {15 torr, − 250 V, 800 W, 450°C}
(1 torr ‫ס‬ 133.3 Pa), where a modified stainless-steeltype microwave plasma generator (ASTeX-type, Seki Technotron Corp., Tokyo, Japan) was used. In the experiment, the entire diamond film was etched down to the Si substrate with an estimated etching rate of ജ6 m/h. Jiang et al. 8, 9 performed similar experiments using (100)-oriented polycrystalline diamond films under conditions of {23 torr, −150 V, 1000 W, 780°C} using an ASTeXtype plasma generator. After a hydrogen plasma treatment for 20 h, the (100) faces of the diamond grains at the film surface grew laterally, and as a consequence, their areas increased from about 1 to about 4 m 2 . The (100) faces were roughened by hydrogen plasma etching at a rate of about 0.05 m/h. A cause of the lateral growth was attributed to a preferential redeposition of diamond on the sides of (100) faces, where the H + -ion damage is weak. Yamamoto et al. 10 carried out hydrogen plasma etching of polycrystalline diamond films using electron-cyclotron resonance plasma of hydrogen for 2 h under conditions of {(3.9-6.9) × 10 −4 torr, a self-bias, 500 W, room temperature (RT), i.e., no substrate heating}. In this experiment, dc bias was not intentionally applied to the specimen, but a negative self-bias of about 1.5 kV was assumed to be present. As a result, the diamond surface was converted to fibrous structures, where each fiber was 30 nm in diameter near the top end, and 200-300 nm in length. Material characterizations of the fibrous structures have not yet been done, but it was shown that the field emission of electrons from the fibrous specimen increased significantly: with an anode of 1.1 mm diameter that was 6 m away from the specimen surface, the emission current was 24.5 mA/cm 2 at 126 V (the average field was 21 V/m), while for an as-grown diamond film it was only 0.1 mA/cm 2 at 1500 V (the average field was 250 V/m).
For carbon materials other than diamond, extensive studies of carbon nanotube (CNT), discovered by Iijima, 11 and nanosize carbon allotropes are ongoing for various applications such as vacuum electron emitters for flat-panel displays 12, 13 and vacuum fluorescent tubes, 14, 15 hydrogen storage, [16] [17] [18] battery electrodes, 19 and one-dimensional devices. 20, 21 For synthesis of CNTs, arc discharge, hydrocarbon pyrolysis, and laser ablation have been used. One can refer to recent reviews 22, 23 on these topics. Recently, chemical vapor deposition (CVD) using hydrocarbon plasma has been used to deposit carbon nanostructures 24 and oriented CNTs. [25] [26] [27] In the above cases, except for Ref. 25 , metal catalysts such as Ni and Fe were used to initiate and continue CNT and nanofiber growth.
In this paper, it is demonstrated that fibrous structures can be formed on diamond (CVD diamond films, singlecrystal diamond, and diamond powder), 28 glasslike carbon, 29 and diamondlike carbon (DLC) films, when they are treated in hydrogen plasma that is generated by a 2.45-GHz microwave without magnetic field under a negative dc bias applied to the specimen at a moderate hydrogen gas pressure of 1.6 torr. This method will be referred to as negatively biased plasma (NBP) treatment hereafter in this paper. In the following, experimental details are described in Sec. II, results and discussion are presented in Sec. III, and conclusions are given in Sec. IV. It should be emphasized that in this work, no catalyst is necessary to form fibrous structures.
II. EXPERIMENTAL
A. NBP treatment For a plasma generation using H 2 , H 2 + O 2 , or H 2 + CH 4 , a microwave plasma generator system with a quartz-tube chamber was used, as shown in Fig. 1 , which is widely used for CVD of diamond films. [30] [31] [32] The specimen holder was made of Mo that can accommodate a 1 × 1 cm specimen, and the top surface was positioned more than 10 mm below the center of the wave guide. The holder was negatively biased with respect to a grounded W-ring counter electrode that was placed near the top edge of the plasma ball. Note that a similar setup is used for bias-enhanced nucleation (BEN) of diamond on Si. [33] [34] [35] [36] The present experiments were undertaken using two different plasma generation systems of the same type as shown in Fig. 1 . Standard processing conditions were {approximately 1.6 torr, −200 to −300 V, 200-400 W, 500-700°C} for the series I experiments using the first system and {approximately 1.6 torr, −150 to −300 V, 200-400 W, 300-500°C} for the series II experiments using the second system. This pressure was the lowest attainable by the reactor used and was held at this value in most experiments, as the plasma was stable and the plasma ball was the largest. According to our preliminary examinations, however, it seemed that fibrous structures can be formed in a wider range of processing conditions, {e.g., ഛ20 torr, ഛ−100 V, 200-600 W, RT}, although the precise limits have not been identified yet.
The specimen temperature T s was measured through a quartz window located at the top of the chamber by an optical pyrometer. In the series I experiments, an optical pyrometer of single color with ‫ס‬ 0.9 m was used in most cases, which can measure T s ജ 600°C. On the other hand, in the series II experiments, a new optical pyrometer (single color with ‫ס‬ 1.55 m) was used, which can measure T s between 300 and 750°C. Some experiments done in the series I experiments were then repeated using the new optical pyrometer, and it was concluded that T s ജ 500°C. Thus, when T s was below 600°C in the series I experiments, it will be often denoted as <600°C, but it was actually 500°C ഛ T s < 600°C. In all cases, no correction was made for the emissivity; i.e., the emissivity was assumed to be unity. This assumption is conventionally used for diamond CVD experiments, and thus T s values described in this paper are approximate. Finally, it must be noted that the above processing conditions for the NBP treatments are out of range for the CVD of usual polycrystalline diamond films, {i.e., 30-50 torr, 0 V, 300-600 W, 700-900°C}, by the reactor of Fig. 1 using 0.2-5 vol% CH 4 /H 2 as the source gas. Hence, there is no possibility that a few micrometer-size crystalline diamonds are formed by the NBP treatments.
The specimen temperature T s became stable in about 10 min after the plasma ignition. The formation of fibrous structures however seemed to be quite insensitive to T s , and occurred even when T s was above 700°C or down to 300°C. The bias current was 10-50 mA and depended on the specimen position, P m , V b , and the Wring shape and its position. In the present setup, the bias current is considered to occur by (i) a flow of positive hydrogen ions from the plasma to both the specimen and the specimen holder and (ii) electron emission from the specimen. Since part of the bias current due to hydrogen ions is considered to flow directly from the plasma to the Mo holder, the measured bias current does not at all represent the current passing only through the specimen. Even so, the bias current was found to be a good indicator to monitor the processing rate: the formation of the fibrous structure was faster when the bias current was higher. The biasing technique, BEN, has been widely used in CVD diamond research to synthesize highly oriented diamond (HOD) films, for instance. [37] [38] [39] [40] As is well known, 41 under a negative bias at the specimen holder, a secondary plasma is generated over the specimen due to electron emission from the deposited diamond film. This was also the case in the present experiments. In case that the dc bias voltage was suddenly shut off, the specimen temperature dropped by about 40°C, presumably because of the disappearance of both hydrogen ion collisions to the specimen and the secondary plasma.
The standard processing gas used was pure H 2 with a flow rate of 6-10 standard cubic cm/min (sccm), but gas mixtures of (i) H 2 + O 2 and (ii) H 2 + CH 4 were also used to study effects on fiber formation and morphology. The back pressure of the chamber was only about 10 −4 torr, as rubber O-rings are used for vacuum seals. Under the processing conditions stated above, the plasma ball touches the quartz wall, and there was a possibility that silicon was included in the specimens. Impurity analyses however showed no indication of silicon inclusion in the fibrous specimens within the sensitivity limits. The major impurity was Mo from the specimen holder, and this issue will be described in more detail in Sec. III. The inner wall of the quartz tube was gradually covered with Mo as the experiments were repeated, which suppressed the transmission of the microwave and, hence, the formation of fibrous structures at the specimen surface. Thus, the quartz tube was replaced when a sign of nonreproducibility was noticed.
The distribution of fiber density and morphology over the 1 × 1 cm specimens was not always uniform, and very often, fibers were not formed in the central area of the specimen. To improve the uniformity of fiber density as well as fiber morphology, it was found that frequent rotation of the specimen during the NBP treatment was very effective. Particularly, it was most effective to do so every 1/2 to 1 min at the very beginning of the NBP treatment for 10 to 20 min. Even so, relatively minor changes in the fiber density and morphology existed across the specimen. Thus, scanning electron microscopy (SEM) images and other data in this paper were obtained from the central area of the specimens.
B. Specimens
Regarding materials for fiber formation, diamond films, single-crystal diamonds, diamond powder, glasslike carbon, and DLC films were used. Except for the single-crystal diamonds and the DLC films, the specimen size was 1 × 1 cm. The sample preparations are described in the following subsections.
Polycrystalline diamond films
Polycrystalline diamond films were deposited for 1 to 3 h to thicknesses of approximately 4 to 12 m on lowresistivity p-type Si(100) substrates of 1 cm 2 by a 5-kW microwave plasma CVD reactor (ASTeX-type) using 2 vol% CH 4 /H 2 as the source gas. 42 The gas pressure and the specimen temperature were 120 torr and 850°C, respectively. The film surface after 3 h mainly consisted of (111) and (100) faces of diamond grains with their edge lengths of 3 to 5 m, as seen in Fig. 2 . The film color was gray due to light scattering at the rough film surface. After an NBP treatment using H 2 , the film surface appeared very dark, implying that the surface structure was significantly modified by the treatment.
HOD films were synthesized by a known procedure using BEN. [37] [38] [39] [40] The film surface consisted of (100) faces of diamond that were laterally aligned in almost the same direction, and hence, the film surface was quite flat. For HOD films used in the present experiments, however, randomly oriented, secondary nucleation of diamond existed at the film surface with an approximate density of 5 × 10 6 /cm 2 . The film thickness was roughly 15 m, estimated from the growth time.
Single-crystal diamond and diamond powder
The single-crystal diamonds (Sumitomo Electric Ind., Osaka, Japan) used were synthetic type Ib and 3 mm × 3 mm × 0.3 mm t in size. It was transparent, but the color was yellowish due to nitrogen impurities. No fibrous structure was formed on this specimen by the NBP treatment, presumably because the diamond was electrically insulating. To solve this problem, a B-doped diamond layer was deposited on the single-crystal diamond for 24 h by the reactor shown in Fig. 1 using a mixture of 0.5 vol% CH 4 /H 2 and 2 ppm B 2 H 6 as the source gas. The layer thickness was estimated to be roughly 6 m. As a result, fibrous structures were formed on the specimen surface by the NBP treatment. By contrast, no deposition of B-doped diamond layer was necessary to form fibrous structures by the NBP treatment on the surfaces of diamond powder (DeBeers, Ltd., Kobe, Japan 15-30 m). They were manually spread over a low-resistivity p-type Si(100) substrate of 1 cm 2 and shaken off to leave isolated diamond particles sticking to the Si surface.
Glasslike carbon and DLC films
The glasslike carbon (Kobe Steel, Ltd., Kobe, Japan) was treated by hydrostatic isotropic press, sliced, and then mirror-polished. The specimens used were cut out of a large wafer to 1 cm × 1 cm × 0.80 mm t . The untreated specimen appeared like a mirror but became very dark after an NBP treatment. DLC films of 3-m thickness were deposited on Ti substrates (13 mm × 13 mm × 4.5 mm t ) by unbalanced magnetron sputtering 43 using an anisotropic graphite target 6 in. diameter in an Ar atmosphere of 3 mtorr. The dc power density was 0.057 W/mm 2 , and the substrate bias was −200 V. Thus, the DLC films used in the present experiments do not contain hydrogen unlike amorphous hydrogenated carbon (a-C:H) films.
C. Materials characterization
Among NBP-treated specimens of more than 200, some were characterized by SEM, infrared (IR), and Raman spectroscopy (the light source was a 514.5-nm Arion laser), x-ray photoelectron spectroscopy (XPS), cathodoluminescence, Auger electron spectroscopy (AES), electron probe microanalysis (EPMA), electron energy loss spectroscopy (EELS), electron diffraction (ED), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM). For XPS and AES, the measurement areas were 1.1 mm and 45 × 60 m 2 , respectively.
Measurements of ED and TEM were done at National Institute of Advanced Science and Technology (Tsakuba, Japan). The transmission electron microscope is equipped with an ⍀-type energy filter, which allows a selection of electrons subjected to energy loss by transmission. The acceleration voltage was 200 kV. There was a difficulty in making TEM samples from diamond films with fibrous surfaces. Many different methods, including focused ion beam (FIB), were tested but were unsuccessful. This is because diamond films were very hard, and fibrous structures were very thin and unable to be detached from the basal diamond films. As a last resort, diamond specimens were vertically cut to a 100-m width by a dicing saw, and the sample surface was observed by TEM from the side with a small tilt angle. Since deionized water was sprayed on the specimen during the dicing, the fibrous structures might be distorted. For glasslike carbon, the backside of the specimen was mechanically ground, dimpled, and then thinned by Arion milling with an acceleration energy of 5 kV. The incident angle of Ar ions was set at 4°to prevent an ion damage. HRTEM measurements were carried out at Kobelco Scientific, Inc., (Kobe, Japan) using an acceleration voltage of 200 kV. In this case, the sample preparation was done by dicing both diamond and glasslike carbon specimens to a 100-m width, and the fibers were observed from the side of the sample with a small tilt angle.
D. Field emission
Current-voltage (I-V) characteristics of field emission (FE) from specimens were measured at Kyoto University (Kyoto, Japan), while FE, field emission electron microscopy (FEEM), and photoelectron emission microscopy (PEEM) were done at North Carolina State University. In the former FE measurement system, 44 an Al plate was pushed on the edge area of the specimen surface for an electrical contact and the anode was a gold ball with a diameter of 2 mm. The specimen-anode distance was variable by a piezoelectric rod, and the maximum applied voltage between the specimen and the anode was 250 V. In the latter case, [45] [46] [47] a schematic diagram of the FEEM/PEEM system is shown in Fig. 3 . The base pressure was less than 3 × 10 −10 torr, the field of view is variable from 5 to 150 m , the resolution was better than 15 nm, and the maximum applied voltage between the specimen and the anode was 20 kV across a gap of ഛ4 mm. The flat part of the anode is about 1 cm , and the aperture diameter was 1 mm. The ultraviolet light source used was a Hg lamp, though a free electron laser source also was available. Measurements of I-V characteristics were also possible between the anode and the specimen, in which case all electrons emitted from the specimen of 0.36 cm 2 can be collected by the anode.
III. RESULTS AND DISCUSSION
The processing conditions, the objectives for specific experiments, and their major results are summarized in Table I , along with the specimen numbers. Note that in what follows, the thickness will be generally expressed by the superscript t. Table I ). Figure 4 (a) shows a top view of the specimen. It is seen that fibers on the diamond film surface are standing almost perpendicularly to the substrate plane, except for grain boundary areas in spite of the fact that the original faces of diamond grains were inclined with respect to the substrate plane. Figure 4 (b) shows a surface view from 45°from the substrate normal. Such an angle will be simply referred to as "a viewing angle" hereafter. The elongation of the fibers, conformable to the initial granular diamond surfaces, is obvious. From a SEM image with a higher magnification (not shown), the fiber density was estimated to be 10 9 -10 10 /cm 2 . Figure 4 (c) shows a SEM image of a fractured edge, where it is seen that 5-to 6-m long fibers are formed. Hence, the average rate of fiber elongation was approximately 2 m/h. It is of interest that the diameters of the fiber stems are approximately 1 m, while the fibers are thinner toward the top ends. In most specimens of the series I experiments, where T s was 500-700°C, the fiber ends were smoothly extended as seen in Fig. 4 (d) and the diameters in the top portion were less than 50 nm. There was no indication by SEM, TEM, and HRTEM on the presence of metal particles at the fiber ends, as will be seen later. In Fig. 4(d) , it appears that the fibers are not hollow (tubular) but solid. It also appears in Figs. 4(a)-4(d) that fiber structures have been formed not solely by etching the diamond film but also by a growth from the diamond surface, presumably using hydrocarbon species generated by diamond etching. It is of great interest that the basal diamond film was etched despite the existence of about 5-m t fibrous layers. To characterize fiber structures, Raman spectra of both as-grown (Fig. 2 ) and the NBP-treated specimen No. 1 (Fig. 4) were observed, and the results are shown by spectra a and b of Fig. 5 , respectively. In both cases, there is an intense band at about 1334 cm −1 that is assigned to diamond and a broad band around 1500 cm −1 that is assigned to non-diamond carbon such as graphite and a-C:H. 48, 49 The full widths at half maximum for spectra a and b of Fig. 5 were 14 and 13 cm −1 , respectively. It is remarkable that the level of baseline for spectrum b was approximately half of that for spectrum a, presumably due to laser light absorption by the fibrous surface. In general, spectrum b is considered to contain Raman signals from both the fibers and the basal diamond, but it was not certain in this measurement to what degree the laser light went into fibers and scattered to be observed as Raman signals. In Fig. 5 , the incident laser beam was only 5°tilted from specimen's substrate normal. It has been increased to 20°, but there was no noticeable change in the spectrum. A similar Raman study is carried out in the next subsection, and more discussion will be given there.
Usually, IR absorptions due to C-H x stretch vibrations are observed between 2800 and 3100 cm −1 for diamond films. [48] [49] [50] [51] [52] Curves a and b in Fig. 6 show the IR spectra of an NBP-treated specimen and an as-grown polycrystalline film, respectively. In the former, only two peaks exist at 2856 and 2913 cm −1 . On the other hand, three absorption peaks are seen at 2819, 2850, and 2925 cm −1 in the latter. Note that, in these spectra, constant backgrounds were subtracted from the original spectra to highlight the absorption band shapes. It was found that the absorption intensity of spectrum a is approximately three times greater than that of spectrum b, indicating that fibrous specimen contains C-H x bonds at the surfaces and within the fibers. According to Refs. 48-52, the 2856-and 2913-cm −1 bands in spectrum a can be assigned to sp 3 CH 2 symmetric and asymmetric stretching vibrational modes, respectively. Similarly, the 2850-and 2925-cm −1 bands in spectrum b can be assigned to the same modes, respectively. The 2819-cm −1 band was not uniquely assigned but can be a vibrational mode of either O-C-H, 50 O-CH 3 , N-CH 3 , 51 or diamond (111)-H. 52 The IR spectrum a of Fig. 6 for the NBP treated specimen indicates that sp 3 CH 2 structures are most abundant in the fibers.
To qualitatively examine the adhesion strength of the fibers to the basal diamond, the surface of the NBP treated specimen No. 2 was scratched by a tweezers edge. Figure 7 shows a SEM image of the scratched area, where the scratch line passes from the bottom right to the top left on the fibrous surface with fiber lengths of roughly 3 m. It is obviously seen that fibers were not detached from the basal diamond film but only bent, implying that the fibers are atomically continuous from the basal diamond film. The two bright areas in Fig. 7 are where fiber groups were uniformly bent, and the secondary electron emission was intense, probably because incident and secondary electrons can reach the fibers without deflection by the dense fibers. Indeed, the side view of the fibers by SEM also appeared bright in Fig. 4(c) .
A NBP treated HOD film No. 3 also had a fibrous surface similar to that shown in Fig. 4 . The fiber lengths as well as the fiber morphology were however more uniform so that the fiber ends were well aligned, as the Fig. 8 . It is seen that the surface consisted of fibrous structures, but most of them are strongly bent in the middle, and fairly thick and wide stems support the thin frizzy fibers. A SEM view of a fractured edge (not shown) appeared very similar to Fig. 4 (c) except that the fibers had more complex shapes due to bending. It was also seen that the diamond film was etched down to the Si substrate, and the stems and thin fibers form an approximately 4-m t layer. This result indicates that during the NBP treatment using H 2 , the basal diamond film was subject to etching, even though such a thick fibrous layer was present at the specimen surface, as seen in Fig. 8 . This makes one imagine a surprising process that hydrogen ions pass through the dense layer of fibers, reach the surface of basal diamond film, and react with diamond to make chemically active hydrocarbon species, which move up along the fibers, and some reach fiber ends to make them longer. Meanwhile, the fibrous structures Raman spectra of (a) untreated polycrystalline diamond film (Fig. 2) , (b) NBP treated diamond film with a fibrous surface (Fig. 4) , and (c) NBP-treated diamond film after diamond CVD (Fig. 16) . No background subtraction was made.
FIG. 6. Infrared spectra of (a) NBP treated diamond film with a fibrous surface and (b) as-grown diamond film, both on Si substrates. themselves were basically intact despite the fact that they were constantly exposed to the hydrogen plasma under dc bias.
Single-crystal diamond and diamond powder
The inset of Fig. 9 shows a SEM image of the NBPtreated single-crystal diamond Ib, No. 5. As stated in Sec. II. B. 2, fibers were not formed on an insulating diamond crystal by the NBP treatment but on a B-doped diamond layer deposited on the diamond crystal. The fact that to form fibers the specimen must be conducting, either via bulk or surface, indicates that the bias voltage plays an important role for fiber formation. It is of interest to compare the inset of Fig. 9 with Fig. 4(b) : the heights of the fiber ends are more uniform in the former case because the initial diamond surface was flat. The color of the NBP-treated specimen was lightly dark but semitransparent. The solid and dotted curves in Fig. 9 correspond to the Raman spectra from the diamond surfaces with and without fibrous structures, respectively. It is observed that there is no significant difference in the spectra between the two sides except that the peak intensity at 1333 cm −1 on the reverse side without fiber was 11% higher. This can be understood in the same way as in Fig. 5 that the Raman scattering from the fibrous side is weaker. Note that, in the Raman spectra of both surfaces, there was no band due to non-diamond components in the 1400-1600-cm −1 region. From these and the previous results of Sec. III. A. 1, it follows that (i) the fibers do not contain non-diamond components detectable by Raman spectroscopy and, hence, (ii) the band around 1500 cm −1 in Fig. 5(b) for a NBP treated polycrystalline diamond film arises from the basal diamond film and not from the fibers, if the assumption is the case that Raman signals from the fibers are detected in both Figs. 5 and 9.
A NBP treatment No. 6 was undertaken for diamond powder, and a SEM image of particle surfaces is shown in Fig. 10 . Similar to the result of Fig. 4 , the particle surface was converted to a fibrous structure, where the fibers are aligned along the direction normal to the substrate surface. It is remarkable that virtually all fibers, even those at the side surfaces of the diamond particle, are unidirectionally aligned, implying that the electric field due to the dc bias determines the fiber direction. It should however be mentioned that the fiber morphology of a different powder specimen that had been NBP treated under conditions of {1.7 torr, −200 V, 500 W, <600°C} for 6 h using hydrogen plasma in the series I experiments was considerably different from the results of 
Fiber formation process
To investigate the process of fiber formation, four different undoped diamond films were NBP treated, No. 7, for 5, 10, 30, and 40 min, and the specimen surfaces were observed by SEM. The results are shown in Figs. 11(a)-11(d) . All SEM images were taken from a viewing angle of 20°. As seen in Fig. 11(a) , protuberant structures with approximate diameters of less than 0.1 m and heights of 0.2 m were created only after a 5-min exposure of the diamond film to the hydrogen plasma. After 10 min [ Fig. 11(b) ], the heights of protuberances increased to 0.4 m and small fibrous structures were visible. It appears that fibrous materials were created along the side surface of each protuberance toward the center. After 30 min [ Fig. 11(c)] , the protuberances had diameters of about 0.5 m and were further elongated to be the fibrous structures of about 1 m in height. There is a certain distribution in the height of the protuberances, and not all have fibrous structures. After 40 min [ Fig. 11(d)] , the surface had a typical fibrous morphology, similar to Fig. 4(b) , and the fiber lengths were now about 2 m. There exist however frizzy structures at the top of the fibers. Above results show that the uneven etching of diamond surface in the initial stage to form protuberances, followed by a fiber formation and their elongation, is the basic process to finally end up with the fibrous morphology of Fig. 4. In Figs. 11(a)-11(d) , it is of great interest that the diamond film is etched and eroded, but the fibrous structures are not only intact but also grown under the biased hydrogen plasma environment.
Effects of gas pressure
To study the effects of gas pressure on fiber formation, and also confirm the results of Jiang et al., 8, 9 an undoped diamond film was NBP treated, No. 8. Like in experiments at P ∼ 1.6 torr, a secondary plasma was observed over the specimen by biasing. A SEM image of the specimen surface is shown in Fig. 12 . It is seen that the film surface was severely etched by hydrogen plasma, leaving bunched steplike structures on grain surfaces. This result is consistent with those of Refs. 8 and 9. As seen in Fig. 12 , there is no fibrous structure at the film surface. It is thus concluded that the fibrous structure is formed only when diamond is NBP treated at a pressure at least below 30 torr.
Addition of CH 4 to the processing gas
So far, it was pure hydrogen that was used for NBP treatments of diamond. It is thus considered that the carbon source for fiber formation is chemically active hydrocarbons produced by etching diamond with hydrogen plasma. In this section, CH 4 gas, as an external carbon source, was added to hydrogen, and changes in the fibrous structures were examined. In the first experiment No. 9, 10 vol% CH 4 /H 2 was used for the NBP treatment. Figure 13 shows the resulted structure at the film surface observed by SEM. It is seen that fibrous structures were formed on the film surface instead of carbon or DLC film deposition. From a comparison of Fig. 13 with both Figs. 4(d) and the inset of Fig. 9 using magnified SEM images (not shown), it was found that the outer shape of each fiber appeared fuzzier. The fiber density of Fig. 13 was approximately 10 10 /cm 2 , slightly higher than the cases of Figs. 4 and 9 without CH 4 addition. It is hence inferred that the density of protuberances [ Fig. 11(a) ] also was higher. It is of interest that, in the center of Fig. 13 , there is a flat face where there is no fiber. This is due to the fact that this face is standing almost perpendicularly to the substrate surface, and thus, the bias effect was not operational on this surface. in the processing gas. This result implies that reactive collisions of positive hydrogen ions to the diamond surface along the electric field, which is nearly perpendicular to the substrate surface, trigger the fiber formation.
In the second experiment No. 10, 20 vol% CH 4 /H 2 was used for the NBP. The SEM image of the specimen surface is shown in Fig. 14. It appears that the initial diamond surface was covered by both a-C:H or DLC layer and granular particles. Small fibrous structures were about to grow from some granules. In this case, it seems that carbon was oversupplied from CH 4 in the processing gas, and fiber formation due to diamond etching did not occur.
In the third experiment No. 11, a NBP treatment was done using 10 vol% CH 4 /H 2 at 10 torr. The resulted surface, observed by SEM, is shown in Fig. 15 . It was found that fibrous structures were also formed in this case. Unlike the results of Figs. 4 and 9, however, the fiber ends are not straight but twisted in a complex manner. This can be understood in such a way that carbon nanoparticles generated from CH 4 decomposition are deposited on the sidewalls of the fibers to make the directions of fiber elongation more random. If this assumption is actually the case, it follows that the fiber growth by the NBP treatment without CH 4 addition takes place via such transport processes as electromigration or thermal diffusion of carbon species, which have been generated by hydrogen plasma etching of basal diamond film, along the sidewall of the fibers.
Various effects of experimental factors on fiber formation
In this section, effects of some experimental factors on fiber formation are described. Since comprehensive studies on the issues have not yet been done, only qualitative descriptions will be given below: No. 12, when T s was low (300-400°C), the fiber ends became thinner and frizzy. No. 13, by contrast, when T s was high in such a case that the specimen was placed in the center of the wave guide, the fibers were thick and their ends were rounded. No. 14, when a high bias voltage of −400 V was applied for a polycrystalline diamond film, most of the film were etched out, leaving vertically standing fibers along a network of distorted circles. It was presumed that the locations of the circles correspond to grain boundaries of the polycrystalline diamond films used. No. 15, upon addition of 0.5 sccm O 2 to 10 sccm H 2 , no fiber was formed by the NBP treatment, and the film surface was etched and roughened. Namely, the presence of a small amount of oxygen in the processing gas prevents the fiber formation. No. 16 , it was found that B-doped diamond films were etched much faster than undoped ones, though fibrous structures were formed on B-doped diamond films before they were completely etched. For instance, a 3-m t B-doped diamond was completely etched out after 1 h.
The experimental results presented in Secs. II. B. 2 and III. A. 2 indicate that to form fibrous structures on the diamond surface by the NBP treatment, the diamond specimen must be conducting. B-doped diamond films obviously fulfill the condition. For the case of as-grown undoped polycrystalline diamond films made by CVD, it is known that there exists a surface conducting layer due to hydrogen termination. [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] Unlike these cases, fibrous structures were not formed on bulk Ib diamond because it is insulating. It is however known that hydrogenplasma-treated bulk diamond surface is conducting; [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] i.e., the bulk Ib diamond should be conducting in hydrogen plasma during the NBP treatment, but this contradicts the experimental result of Sec. III. A. 2. By contrast, fibrous structures were formed on diamond powder without pretreatment. Although detailed investigation has not been done yet, it is considered that the electrical contact of the bulk diamond with the Mo holder was poor under the present experimental setup because the reverse surface of the bulk diamond is insulating, while it was opposite for diamond powder, as the path length from the Si substrate to the top surface of the particle is shorter and presumably a reaction took place between diamond powder and Si to form SiC at the interface, which helped reduce the interface resistance.
A similar experiment was undertaken by applying a positive bias to the polycrystalline diamond film under conditions of No. 17 in Table I . It was found that the diamond surface was roughened and seemed to consist of short fibers with a length of roughly 50 nm. This can be attributed to the fact that hydrogen, activated by electrons incident from plasma, caused the etching of diamond film.
Diamond CVD on fibers
In this section, a fibrous specimen of Fig. 4 was processed by diamond CVD using the reactor shown in Fig. 1 under conditions of No. 18 listed in Table I . The purpose of this experiment was to know the nature of the fibers. Namely, if the fiber has a diamond structure, it will be uniformly coated with diamond by CVD. On the other hand, if the fiber is graphitic or a-C:H, the fiber will be etched or no diamond is deposited on it under the conditions of No. 18.
The experimental results were as follows: The color of the specimen was dark before the diamond CVD due to the fibrous structures at the surface but became gray after the CVD. The SEM photographs of the specimens after CVD are shown in Figs. 16(a) and 16(b) . In Fig. 16(a) , the specimen was strongly charged up at this magnification, but it is seen that each fiber was uniformly coated with diamond. The fiber diameter near the end is now 0.3-0.5 m. In Fig. 16(b) , diamond facets are clearly visible. These micrographs show that there was no preferential growth of diamond on fiber ends. It is however seen in Fig. 16(a) that there are diamond particles of 0.1-0.2 m in diameter at some of the fiber ends: namely, the fiber ends can be nucleation centers of diamond. The fiber density estimated from SEM images was 5 × 10 8 /cm 2 , significantly smaller than the initial fiber density of 10 9 -10 10 /cm 2 . This is presumably because multiple fibers were coalesced together by diamond CVD. The Raman spectrum of the specimen is shown in spectrum c of Fig. 5 . It is noticed that the background level of spectrum c now is almost the same as that of spectrum a for an untreated diamond film, indicating that the specimen surface with thickened fibers scatter laser Raman light as efficiently as the untreated diamond film does. Apart from the background level, the broad 1500-cm −1 band of spectrum c is more intense than spectra a and b, and the main peak at 1335 cm −1 has a broader foot. This is presumably because the grain sizes of the new diamond layer, coating the fibers, are smaller than those of the untreated diamond film (Fig. 2) , and hence, the diamond layer includes more nondiamond components in the grain boundaries. [63] [64] [65] It is of interest to see if the fibrous structure can be formed on the surface of nanocrystalline diamond film or a-C:H film, i.e., on nanocrystalline carbon materials. To study this, an NBP treatment was carried out using the specimen shown in Fig. 14 under conditions of No. 19, as the basal surface of the specimen of Fig. 14 was nanocrystalline or amorphous. It was found that the resulting surface consisted of dropletlike structures, similar to those seen in Fig. 14 , sitting on a layer of small and dense fibers. This indicates that fibrous structures can also be formed on nanocrystalline diamond films or a-C:H films.
Surface impurity analyses
To check the presence of impurities at the fibrous specimen surface, AES, XPS, and EPMA measurements were undertaken. The AES results showed the presence of C (77.3 at.%), O (17.9 at.%), and Mo (4.8 at.%). It was considered that the O signal was originated from O 2 adsorbed in air and Mo was from the specimen holder. Similarly, XPS showed the presence of C (79.8 at.%), O (16.8 at.%), and Mo (3.4 at.%). The Mo signal consisted of three bands that were assigned to molybdenum oxides. Since the NBP treatment was done in hydrogen plasma, it seemed that the oxidation of Mo occurred after the specimen was taken out of the chamber and exposed to air. In both AES and XPS measurements, Si was not detected (below the detection limits). It might then be questioned if the formation of fibrous structures was initiated by the presence of Mo micromasks. This does not however seem to be the case for the following two reasons: (i) Fig. 11(a) indicates a formation of protuberant structures that does not seem to be originated by the micromasking. (ii) In Sec. III. A. 9, the fibrous structures were observed by TEM and HRTEM and showed no indication on the presence of Mo particles. To avoid the presence of Mo impurity, one can use, for instance, a graphite holder rather than Mo. In this case, however, the graphite itself is etched by the hydrogen plasma in the NBP treatment, as will be seen in Sec. III. B, and thus hydrocarbon species will be generated in the plasma in an uncontrollable manner. The hydrocarbon concentration depends on the NBP treatment conditions, which can influence the fiber morphology, and causes problems in the reproducibility of the experiment. In contrast to XPS and AES data, EPMA measurements resulted in the atomic concentration ratio of C (95.2 at.%), O (4.4 at.%), Si (0.2 at.%), and Mo (0.1 at.%), the Mo impurity concentrations being extremely smaller than those of XPS and AES. This is presumably because EPMA included the signal from the basal diamond region as well as the fibrous structures at the surface.
As is well known, the Auger band shape for carbon depends on the allotropes (diamond, graphite, and amorphous carbon). In the present measurement, the band shape was more similar to amorphous carbon rather than diamond. This suggests that the fiber surface is covered by an amorphous carbon layer. Indeed, it will be seen that this is actually the case.
EELS, ED, TEM, and CL analyses
The fibrous structures of diamond specimens were studied by EELS, ED, TEM, and HRTEM. For sample preparation, see Sec. II. C. An EELS spectrum of carbon K-edge of the fibrous structure is shown in Fig. 17 , where the spectra on the right-hand side show typical EELS FIG. 17 . EELS spectrum of a NBP treated diamond film with a fibrous surface. The spectra on the right-hand side show corresponding spectra for various carbon materials .   FIG. 18 . Electron diffraction from the fibrous structure of diamond film. spectra for various carbon materials. The NBP treatment conditions used to make the specimen are No. 20 in Table I . In Fig. 17 , the * peak at 284 eV is absent, which indicates that sp 2 and sp bonds are not included in the fibrous structure. The bands observed between 300 and 340 eV are the near-edge structure of carbon atoms, common to all carbon materials. Thus, the EELS spectrum showed that the fibrous specimen is diamond. Figure 18 shows a selected-area ED pattern from the same specimen. The observed spotty ring patterns, indicated by arrows, can be assigned to diamond. This means that the diffraction area of the fibers contained a few diamond crystallites. The observed lattice constants were 2.08, 1.28, 1.07, and 0.89 Å, which are in good agreement with the lattice constants of diamond, 2.060 Å for (111), 1.261 Å for (220), 1.075 Å for (311), and 0.892 Å for (400). Other continuous diffraction rings were attributed to molybdenum oxides.
The fibrous structures were also observed by low-and high-resolution TEM. As already stated in Sec. II. C, there was difficulty in sample preparation, because the fibers could not be scratched off from the basal diamond film. Thus, the specimen was vertically cut to a width of about 100 m by a dicing saw, and the fiber portion was observed from a small tilt angle. Other methods such as FIB were unsuccessful so far. Figure 19 shows a low resolution TEM zero-loss image of the same specimen as above. The zero-loss image, which was filtered with a window width of ␦E ‫ס‬ 15 eV at a loss energy of ⌬E ‫ס‬ 0 eV, was obtained from both unscattered and elastically scattered electrons so that the Bragg scattering and phase contrast were enhanced better than the unfiltered image. It is seen in Fig. 19 that the typical diameter of the fibers was 50 nm, consistent with the SEM image of Fig. 4(d) . It is also seen that the fibers are nanocrystalline, as indicated by ED of Fig. 18 , and a number of defects, such as twins and stacking faults, are present in each crystallite. Furthermore, it appears that the fiber surfaces are covered with amorphous layers. Figure 20 shows part of a HRTEM image of a fiber that has been treated under conditions of No. 21. The acceleration voltage of the electron beam was 200 kV. This figure shows more clearly that the fiber consisted of a crystalline core (labeled by C) covered with amorphous layers (labeled by A), as described above. Despite the statement in Sec. II. C that the very end of the fiber might be distorted during the sample preparation, it was concluded from the entire HRTEM image (not shown) that the basic feature of the fiber structure was retained, meaning that the damages by sample preparation were minimal. The lattice spacings in the crystalline regions, evaluated from the HRTEM image, were 1.9 and 2.5 Å, which are in fair agreement with the (111) spacing (2.060 Å) and the (110) Cathodoluminescence spectra of both polycrystalline diamond film and a fibrous specimen were observed between 200 and 800 nm at room temperature to see if there are any signals arising from fibrous structures. Unfortunately, both specimens exhibited similar spectra: there was only one symmetric band at 425 and 421 nm for the polycrystalline diamond film and the fibrous specimen, respectively. The peak intensity for the polycrystalline diamond film however was approximately 8 times higher than that for the fibrous specimen. This is presumably due to the fact that electron-hole pair generations are limited in the thin fibers, and there are more nonradiative processes in the fibrous specimen because of a higher density of defects.
B. Glasslike carbon and DLC films

Glasslike carbon
Experiments similar to those described so far for diamond were carried out for glasslike carbon described in Sec. II. B. converted to an irregular conical morphology by the treatment, where the cone diameter near the top end was ഛ50 nm and the cone heights were about 1 m as seen in Fig. 21(b) , although the cone ends were strongly frizzy. The density of conical structures was evaluated to be about 10 9 /cm 2 from a SEM image (not shown). Raman spectra of an untreated glasslike carbon and NBP-treated (No. 23) glasslike carbons are shown in spectra a-c of Fig. 22 , respectively. In reference to spectrum a for the untreated specimen, the basic features of the spectra b and c of the NBP-treated specimens were similar, consisting of two bands of graphite at 1380 and 1600 cm −1 . It should however be noted that, for spectrum a, the 1380-cm −1 band is sharp, while, for spectrum c, the 1380-cm −1 band has a tail toward the smaller wave number side. This result suggests that the conical structures consist of nanocrystalline graphitic particles.
30 Figure 23 shows a zero-loss image of a low-resolution TEM for a NBP treated (No. 24) glasslike carbon. Since carbon is soft, the backside of the specimen was dimpled down and thinned by an Ar-ion beam, as described in Sec. II. C. Figure 23 shows a view of the edge area observed from the front side with a tilt angle of 29.3°from the surface normal. The presence of conical structures is clearly seen. Figure 24 shows a magnified TEM image of a top portion in a cluster of conical structures seen in area A of Fig. 23 . The conical structure has bottom and top diameters of 520 and 80 nm, respectively. The frizzy structure at the top end also is obviously seen. The selected-area ED patterns, taken from approximately 1-m areas indicated by A and B in Fig. 23 , are shown in Figs. 25(a) and 25(b) , respectively. The ED pattern from area A was obtained from the conical structures and shows a ring pattern of hexagonal close packed structure with observed lattice constants of 3.43, 2.12, 1.72, and 1.23 Å, which can be assigned to (002) of 3.38 Å, (100) of 2.12 Å, (004) of 1.68 Å, and (110) of 1.23 Å of graphite. The reflection indices of the rings are also given in Fig. 25(a) . The ED result also shows that the conical structure is fine-grained graphite. On the other hand, the ED pattern from area B, shown in Fig. 25(b) , was obtained from the basal glasslike carbon and shows a halo pattern. This means that the basal carbon became amorphous by the NBP treatment. Table I . It is seen that the fiber consisted of nanocrystals of graphite structure, consistent with the ED result. The diameters of the nanocrystals are less than 10 nm. In a different specimen, however, the fiber structure observed by HRTEM was amorphous, although the NBP treatment conditions were the same as above except that the treatment time was 1 h. 29 Thus, it seems that the atomic arrangement in the conical structure sensitively depends on NBP treatment conditions as well as the details of the experimental procedure.
DLC films
A DLC film of 10 mm and 3-m t was deposited by unbalanced magnetron scattering, as described in Sec. II. B. 3, which was then NBP treated under conditions of No. 26. It was found that the film surface was converted to conical structures similar to Fig. 21(a) . This demonstrates that conical structures can be formed at the surfaces of both bulk-and thin-film carbon. NBP treatments were also applied for carbon paste painted with different thicknesses on Si substrates without postannealing. As a result of NBP treatments, the surfaces were extremely roughened, but it was found by SEM that fuzzy conical structures also were formed.
Various effects on conical structure formation
To examine the effects of dc bias on the surface structure of glasslike carbon, a hydrogen plasma treatment was carried out without dc bias under conditions of No. 27. It was found that no fiber was formed, as ex- surface was formed as shown in Fig. 27 . The conical structures created by the NBP treatment disappeared completely after the diamond CVD, and a wavy surface with small aggregates at the tops resulted. This is consistent with the fact that the fibers were graphitic, which is more easily etched by hydrogen plasma than diamond. 32 To investigate the effect of increased etching rate of carbon on surface morphology, a NBP treatment was undertaken by adding 1.4 vol% O 2 in H 2 under conditions of No. 29, and the SEM image of the resulted surface is shown in Fig. 28 . It is seen that, unlike Fig. 21 , the surface structure is fibrous rather than conical. Since the carbon etching rate by oxygen plasma is higher than hydrogen plasma, the formation of fibrous structures in Fig. 28 is attributed to the increased etching rate. Namely, it was found that the surface morphology can be controlled to some extent by adding O 2 in the standard processing gas, H 2 .
C. Field emission
Field emission from NBP-treated diamond films
Since NBP-treated diamond films have fine fibrous structures at the surfaces, it would be of interest to examine how field emission of electrons is affected by the fibrous structures. First, standard I-V measurements were undertaken using a system stated in Sec. II. D, 44 where the anode was a gold ball with a diameter of 2 mm. The distance between the anode and the specimen is variable by a piezoelectric device, and the results described below were obtained when the distance was 1.5 m. Prior to the measurements, an aging of the specimen was done by maintaining a low current emission overnight. The observed result is shown in Fig. 29 . The specimens used were a NBP-treated fibrous diamond specimen (curve a) and a B-doped polycrystalline diamond film (curve b). In the former case, a SEM image of the fibrous specimen is shown in the inset of Fig. 29 . To make this specimen, (i) a 3-m t undoped diamond film was first deposited using 0.5 vol% CH 4 /H 2 as the source gas and the same type of reactor as shown in Fig. 1 for 12 h, (ii) a NBP treatment was done under conditions {1.6 torr, −300 V, 460 W, 520°C}, (iii) a diamond CVD was undertaken using 0.5 vol% CH 4 /H 2 and 1 ppm B 2 H 6 , and (iv) finally, a NBP treatment was again carried out for 1 h under conditions of {1.6 torr, −200 V, 380 W, 500°C}. This somewhat complicated procedure was used to make the fibrous specimen electrically conducting. On the other hand, the latter specimen was synthesized by the same reactor using 0.5 vol% CH 4 /H 2 and 1 ppm B 2 H 6 at 60 torr for 12 h. The film thickness was estimated to be about 2 m. The film surface consisted of diamond grains 0.5-1 m in diameter. It is seen in Fig. 29 that the threshold voltage for field emission is approximately 20 V lower for the fibrous specimen than the polycrystalline diamond film, indicating that the presence of the fibrous structure increased the field emission efficiency. Their FowlerNordheim plots (not shown) were linear, consistent with the field emission from the surface.
Figures 30(a) and 30(b) show FEEM and PEEM images of a B-doped polycrystalline diamond film without and with a Hg lamp illumination, respectively. The viewing areas were 50-m for both cases, and 20 kV was applied across a 4-mm gap between the specimen and the planar anode. The B-doped diamond film was synthesized using 0.5 vol% CH 4 source gas under conditions of {50 torr, 0 V, −400 W, 800°C} for 12 h. The film thickness was roughly 2 m. It is seen that the field emission is markedly increased by the Hg lamp illumination as electrons are excited by the UV light. It is also seen that the electron emission is more intense at the tops and the edges than the flat faces of diamond grains.
Figures 31(a) and 31(b) show SEM and PEEM images, respectively, of a NBP-treated B-doped polycrystalline diamond film with a fibrous structure at the surface. The PEEM image of Fig. 31(b) also has a 50-m viewing area on the specimen with an applied voltage of 20 kV under a Hg lamp illumination. The fibrous specimen was made in a similar manner as above: (i) First, a 3-m t undoped polycrystalline diamond film was NBP treated under conditions of {1.6 torr, −300 V, 460 W, 590°C} using hydrogen plasma for 30 min in the series I experiments. (ii) A B-doped diamond layer was deposited using 0.5 vol% CH 4 /H 2 and 1 ppm B 2 H 6 for 1 h. And then (iii) the specimen was again NBP treated by hydrogen plasma for 1 h under conditions of {1.6 torr, −300 V, 460 W, <600°C} to form fibrous structures as seen in Fig. 31(a) . It was found that the FEEM image (not shown) was dark, while in the PEEM image of Fig. 31(b) , the electron emission occurs from each end of the fibers.
Field emission from NBP-treated glasslike carbon
In this subsection, I-V and FEEM measurements of the NBP-treated glasslike carbon were undertaken. The experimental setup and procedure for I-V measurements are the same as before, and the observed results are shown in Fig. 32 , where the inset is a SEM image of the specimen used. In the figure, curve a is the result for the fibrous specimen and curve b is that for untreated glasslike carbon whose surface was mirror polished. It is obviously seen that the emission current is higher and the threshold voltage is lower for the NBP-treated specimen than the untreated one. Figure 33 also shows I-V characteristics measured using the FEEM system for a NBP-treated conical specimen and an untreated glasslike carbon, respectively. As a pretreatment, the NBP-treated specimen was annealed in the vacuum of the FEEM system at 150°C for 24 h under an applied voltage of 20 kV with an anode-specimen distance of 4 mm. In the I-V results, the current was due to electron emission from a 0.36-cm 2 specimen, and all electrons were collected by the planar anode. Like the I-V results described on diamond, the emission current for the NBP-treated specimen was significantly higher because of the fibrous structures. A result of FEEM is shown in the inset of Fig. 33 , where the observed area is 150 × 150 m 2 , and 20 kV was applied across a 4-mm gap between the specimen and the planar anode. The substrate temperature increased during the observation, and it was 159°C when the image was observed. It is clearly seen that even though the surface consists of conical structures, the specimen does not uniformly emit electrons, but there are "hot spots," where electron emission is very intense. Assuming that the hot spots are uniformly distributed over the entire specimen surface (2 spots in a 150 × 150 m 2 area), it follows that there were approximately 10,000 hot spots/cm 2 . The spot size was observed by changing the FEEM magnification, but the spot size was virtually unchanged even though the magnification was maximized (the highest resolution is 20 nm). Hence, it was concluded that the hot spot size was at least smaller than 20 nm. An extrapolation of curve a of Fig. 33 to 20 kV leads to an emission current of 2.44 × 10 −4 A, or 27 nA/spot on the average. It should be mentioned that, in the present FEEM setup, emitted electrons hit the anode (stainless steel), which then causes x-ray emission that irradiates the specimen. It is thus considered that the emission currents of Figs. 33(a) and 33(b) include such a secondary contribution. At the present stage, it is not quantitatively evaluated to what extent this secondary contribution is included in the total emission current.
D. Fiber formation mechanism
The present experiments on diamond films showed that both diamond etching and fiber formation occur simultaneously during the NBP treatment under conditions of {1.6 torr, −200 to −300 V, 300 to 400 W, below 700°C}, as seen in Fig. 11 . By contrast, experiments under conditions of {30 torr, −300 V, 385 W, 670°C} using hydrogen plasma in the series I experiments resulted in a uniform diamond etching without fiber formation. From these results, the etching mechanism is considered to be as follows: The electron density 67 in the microwave plasma is in the order of 10 10 -10 11 /cm 3 , and hence, the length of the plasma sheath 68 is evaluated to be approximately 500-1500 m. This is much longer than the roughness of the polycrystalline diamond film surface (R a ‫ס‬ a few micometers) and the powder size. Thus, hydrogen ions in the vicinity of the specimen are accelerated toward the diamond surface along a uniform electric field due to dc bias. The diamond surface reacts rapidly with incoming hydrogen ions, and the surface carbon atoms are removed as hydrocarbon fragments and ions. Certain numbers of hydrocarbon species thus generated are redeposited on the diamond surface to form fibrous structures. This assumption is consistent with the bias-enhanced growth 69 of conelike structures of carbon under conditions of {15 torr, −180 V, 200 W, 650°C} by a microwave plasma system using 1-5 vol% CH 4 /H 2 for ഛ1 h, although the cone lengths were less than about 0.3 m. It is inferred that the hydrocarbon fragments travel along the side surfaces of the small protuberances under the uniform electric field. By contrast, hydrogen plasma treatment of diamond without dc bias has also been investigated previously [70] [71] [72] [73] [74] [75] [76] [77] [78] under various conditions, but neither fibrous nor needlelike structures were formed. These data also support the above-described mechanism of fibrous structure formation by the NBP treatment. Usually, it is oxygen but not hydrogen that has been used to etch diamond, and only uniform etching occurs. [79] [80] [81] [82] [83] [84] [85] In Ref. 6 , however, a high density of columnar structures with a diameter of 10 nm and a length of 300 nm was formed by oxygen plasma etching of a polycrystalline diamond film under a negative self bias of −300 to −400 V. The columnar structures were diamond, and not redeposited diamond nanocrystals, unlike the present results. The formation mechanism of conical structures for glasslike carbon and DLC films is considered to be the same as that of diamond. Finally, it should be emphasized that no catalyst is necessary for the formation of the fibrous structures by the NBP treatment.
IV. CONCLUSION
Diamond films and powders were treated in microwave plasma of hydrogen at 1.6 torr under a negative dc bias of around -200 V. As a result, a fibrous structure was formed on the diamond surface along the direction normal to the surface. The fiber diameter near the top end was ഛ50 nm and the fiber lengths were ഛ2-3 m. The observation by TEM indicated that the fibers consisted of diamond nanocrystals covered by amorphous layers. An overgrowth of diamond on the fibrous structure resulted in an almost uniform coating of the fibers with crystalfaceted diamond. It was also demonstrated that conical structures can be formed on glasslike carbon surface by a similar NBP treatment. It is thus envisioned more generally that fibrous structures can be formed on the surfaces of a wide range of carbon materials by the NBP treatment.
From these results, it is concluded that the formation of the fibrous structures is attributed to both the dc bias applied during the hydrogen plasma treatment and the etching chemistry at the carbon surface. It should be emphasized that the present results of fibrous structure formation are of great interest not only from a viewpoint of plasma etching but also from a viewpoint of practical applications. So far, bulk single-crystal diamonds or CVD polycrystalline diamond films that possess flat surfaces or crystalline facets have been used for applications. However, it is likely that in many applications diamonds with fibrous surfaces will be used to achieve a practical level of performance. Finally, the present NBP treatment will be useful to modify surfaces of carbon bulk and film without metal catalyst. The fiber density and the morphology can be controlled by addition of hydrocarbon gases and oxygen to hydrogen.
